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SUMMARY

The problem of the effect of yaw on the turbulent boundary layer
and skin friction of infinite cylinders is reviewed and compared with
the case of laminar flow. It is concluded that present understanding
of the mechanism of turbulent shear does not permit exbension of two-
dimensional data even to this elementary case of three-dimensional flow.

Experiments carried out on three flat plates yawed 0°, 30°, and 45°
with artificially fixed transition in a low-speed, low-turbulence tunnel
are described. The effects of yaw on the velocity profile and on the
direction of flow near the plate are found to be small. The boundary-9
layer displacement thickness on a yawed phte is found to grow in the
streetwise directiou at a rate slightly greater thsm it does on the

. unyawed @Late; this is in contrast with the lsminar case where the “inde-
pendence principle” discovered by Prandtl and others leads to a substan-
tially reduced rate of growth on yawed plates. It is also in conflict
with the results of Young and Booth, who concluded from their experiments
that the independence principle applied to turbulent flow. The work of
Young and Booth is reviewed, and possible sources of the discrepancy are
suggested.

INTRODUC?J710N

For l.sminarflow over a yawed infinite cylinder the boundary-layer
eqyations for flow in the ehordwise direction are independent of the
spanwise flow (refs. 1 and 2). Hence, the chordwise flow H be calculated
with no reference to the spanwise flow and the results then used to cal-
culate the spsawise flow. This is sometimes called the “independence
principle.”

An investigation has been undertaken to determine the effects of
yaw on the turbulent boundary-layer flow over a cylinder and, in par-
ticular, to ascertain whether such an independence principle also exists
in the turbulent case. As an initial step the experiments have been
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limited to the flat-plate case (i.e., the external pressure gradient ie ● —

zero), the resultm of which are presented.herein.

The fundamental difficulty in calculating the turbulent boundary
~

layer, in even the stiplest case) is the lack of knowledge of the relation —

between the Reynolds stresses and the mesn velocity distributions. It iS —

this lack ofknowledge which makes it impossible to demonstrate (sub~ect
to the usual boundary-layer approximations) just what the effect of yaw ““
will be for tmrbulent layers. Conversely, an experimental investigation
of the effect of yaw casts some light on the relation between the turbu-

-.

lent stresses and the other flow qyantiti~.
.

In the course of the experiments it was necessary to investigate —

quite closely the effectiveness of sandpaper-rougheningat the leadi~ ““
edge in producing an adeqgate turbulent b~ary layer. These experi-.
me~tal results, together with those of Kl@anoff and Diehl (ref. 3),

-.

should prove useful for other boundary-lsjer experiments. .

The present investigation was conducted at.CorneU.University under
the spo~orship and with the financial assistance of the National Advisory
Committee for Aeronautics. The authors wishto express their apprec~qtig.g.-,.-.
to Profs. W. R. Sears and N. Rott for their encowage~nt ad for t~@ . ‘m-
any valuable comments during the course of the investigation. The
assistsace of Messrs. J. Spencer, S. W. Liu, and H. Mirels in carrying
out the experimental program is gratefully acknowledged. .
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SYMBOLS

shape parameter, ~*/~

static pressure

dynsmic pressure

Reynolds number
—

mean velocity components in x,y,z coordinates ——

instantaneousvelocity fluctuation components in
X,y,z coordinates

coordinate system fixed to body-(see fig. 1)

Wundary-1.ayer thickness —
-.

*

.
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displacement

mixed mcmentm thickness,
d’:~ - ~dz

angle of yaw of leading edge

coefficient of viscosity

kinematic viscosity

coordinate system defined by free-stresm velocity
(see fig. 2)

density

shearing stress

shearing stress at wall

refers to free-stresm value

3

DEFINITION OF PROBLEM

Consider the laminar- and tubulent-boundary-layer eqyations for
the two-dimensional body in the coordinate system of figure 1:

(1)

(2)

where for l.sminarflow

*
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and for turbulent flow

The centinuity equation for lsminar flow is

and for turbulent flow is

a+&J=~”
ax Z3z

together with

(3)

●

G-

..-

(4)

(5’)

(6) ‘- . -
-.

(7)

Equation (7) must be satisfied at each instant although, if a time mean
is taken, “it is identically satisfied.

A mathematical statement of the independence
equation (1) for chordwise flow together with the
eqpation must be independent of the spanwise flow
ically, this can be stated as follows: T= must

d ‘f ~yz” It can be seen at once that this is

-.

principle is that
appropriate continuity
ccmponent V. Specif-
be independent of V

true for lsminar flow.

For turbulent flow, however, the condition to be satisfied is that Ii’i?
must be independent of V and ~. Since v varies with V and equa-
tion (7) must be instantaneously satisfied, this appears as a very com-
plex requirement indeed. Hence, the experimental evidence of Young and
Booth (ref. 4) that the independence principle does apply to turbulent
flow is significant and rather surprising.

!+—

.
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*
h

tion in
* on flat

this investigation the boundary-layer growth and the flow direc-

the boundary l.ayerlwere measured on an unyawed flat plate and
plates yawed m“ and 45° with respect to the free stresm.

A convenient basis for evaluating such measurements may be obtained
by @alogy with the known results for lsminar flow (refs. 1 and 2) as
follows:

Consider lsminar flow over a fld plate infitite in the y-direction
as show in figure 2. Now, the known results for the laminar bounda~
layer canbe reasoned in either of the following two ways (see ref. 5):

(a) Assume that the boundary-layer growthis detenuined by the length
of plate that has been traversed and by the stresmwise potential flow out-
side the boundary layer. This means that the yawed leading edge has no
effect on the boundary layer and, hence, the boundary-layer thickmess is
given by (see ref. 6, PP. ~ ad 136)

(8)

* where

k universal constant
.

I
Re~ = UIE v

(b) Assume that the geometry demands that the resultant boundary-
l.ayergrowth be perpendictir to the leading edge. At each chordwise
position, therefore, the spanwise potential flow is along a layer of con-
stant thickness. Hence, it might be expected that the boundary-layer
growth is determined by the chordwise flow. This leads to

(9)

where

Rex
/

=u~v

A comparison of ba frm equation (8) and ~ frcuuequation (9) gives

~ = xjcos A

e %hroughout this report the phrase “flow direction in the boundary
layer” wi12 be taken to mean the direction of the mean velocity component
that is parallel to the surCace.
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Therefore,

.

%x x

ReE = ax 1. ~. Rex E

Thus, both physical assumptions lead to the ssme
boundary layer, and this result agrees with that
the differential equations just presented._

--

result for the ls.minar
obtained directly frcm

Now, apply the same assumptions to turbulent flow, where direct
calculation from the differential equations is impossible. If the empir-
ical growth law for low Reynolds

5=

is used, then, by assumption (a)

and by assumption (b)

Thus,

that is, the

by a factor

6’ =

%)=

numbers (see ref. 6, p. 362), namely

two assumptions lead to boundary-layer

cos3~5A.

(10) ‘.

(12)

.

—

thicknesses differing -.
—

It is clear that the two armxnents are based on very different
assumptions, namely, in (a) yaw Is assumed to have no ef~ect and the
flow goes straight back while in (b) the independence prticiple iS _
assumed to be a physical principle. — .e:

.

.
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. If the relationship between the shearing stresses and the mean
velocity derivatives is not specified, these assumptions are truly inde.
pendent. b order to show this explicitly, suppose in eqgation (1)

u

‘X2 = g(U,W, and their derivatives)

where g( ) indicates a functional relation; then, the independence prin-
ciple is not violated. If g is known, the resultant flow direction may
be calculated; but only for a restricted class of functions g will this

lead to the conclusion that the flow goes straight back on a flat plate.
In fact, only for the specific function g that exists for lsminar flow
wilJ the conclusion be reached that the flow is straight and that the
results of assumptions (a) and (b) are the ssme.

Since the function g is unknown for turbulent flow, clearly both
the boundary-layer growth and the flow direction should be measured in a
yawed-plate experiment. While neither assumption (a) nor (b) is neces-
sarily true for the turbulent-boundary-layercase, both may conveniently
be used as a basis for evaluating the experimental results.

.

.

EXPEKMENWL EQUIXMENT AND METHODS

An unyawed plate, a ~“ yawed plate, and a 45° yawed plate were used
for the experhents. These are showm schematically in figures 3, 4, and 5
with appropriate deta~. The construction of the plates differed some-
what. The 30° yawed plate was used first and was made initially 1/2 inch
thick. However, in order to get a good pressure distribution and proper
two-dimensional flow (in x,y,z coordinates), it was found necessary to
add stiffeners and brace the plate externally. This trouble was avoided
in the unyawed and 45° yawed plates by msking a box construction about
2 iIICheSthick. The leading edges of the plates were made as showm in
figure 6.

In order to make the layer develop two-dimensiondly in the
x-direction, a l-inch strip of sandpaper ws glued to the working surface
of the plate about 3/16 inch back of the leading edge. lhitially, exper-
iments were made using a trip wire for this purpose, but the sandpapr
was found to be more effective. It gave more regular thickening of the
kyer and its distortion effect on the velocity profile had disappeared
10 inches downstream.

The plates were installed near the beginning of the working section
of the low-turbulence tunnel shown in figure 7. The tunnel, at this
point, is approximately 6 feet high and 3 feet wide. The plate spanned
the 6-foot dimension and had its working su@ace about 2 feet fra the
fixed tunnel wau. For the 0° and 30° plates, a 5-foot section of the
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“flexible tunnel wall.opposite the plate was removed completely. This s
was done originally for ease of access and as an ald in placing the stag-
nation point at the leading edge of the plq~e on the working side without
the necessity of placing obstructions down.streem. In the case of the

p.-,

4’5°plate, it was found necessary to replace the tunnel wall in order to
achieve a satisfactory pressme distribution on the plate.

In order to set the pressure distribution easily, a network of
static-pressureholes was incorporated in each plate (see figs. 3, 4,
and 5). A system of stopcocks connecting these tubes to a manifold
allowed rapid selection of each individual hole. In this way the pressure
distribution could be checked ve~ quickly. No attempt was made to cal-
ibrate these holes, but they were carefully installed and then inspected
with a microscope. The large number of holes allows a check against gross
error due to a defective installation.

The velocity profiles were measured b~-traversing a single flattened —

pitot tube (shown in figs. 8 and 9) through the boundary layerby meam
of the traversing mechanism shown unmounted in fi@re 10(a) and in working
position in figures 10(b) and 1O(C). The micrometer drive allowed posi-
tioning to 0.0005 inch. The main sowce of positioning error was in
determining the zero position of the pitot tube. The most reliable way

—

of accomplishin &thiswas found to be to traverse-the pitot tube toward m

the wa~ until it touched its reflection on-the surface of the plate (see
fig. 1O(C)) and then to correct the micrometer reading by one-half the
width of the tube. The reflection in the wall also proved useful for”- “ ‘
lining up the flattened pitot tube paralle,lto the surface.

“.. ..

A pitot-tube rake (fig. El) was also used to measure velocity in the
boundary layer. In general, this rake was used to check the two-

—

dimensionality of the flow because of the ease with which it could be
mounted in any desired position. On the 30° plate it was also used in
two cases to measue the boundary-layer growth. The results, however,
are necessarily less accurate than those obtained with the traversed pitot
tube. For this reason any rake data that are plotted in the results are
marked as such.

—.

_ic-pressUe IIHHHDEnt% were read on a slanting tube manometer
with a reading accuracy of *0.003 inch of alcohol. @all differences of
pressuxe were read on a micrmanometer wit-ha reading accuracy of
*().001inch of alcohol. The free-st~sm dynamic pressure was about
0.485 inch of alcohol. All of the data pfesented in this report were
recorded at a constant value of Reynolds number per foot of 250,000 (based
on the free-stream velocity). Temperat~ and barometric-pressure changes
were compensated for by appropriate variation of the free-stream velocity.

—

In order to measure the flow direction in the boundary layer, the
yaw head shown in figures 8 and 9 was used. This instwnt was set

.

_.——

.
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.

-i

.

.

parallel to the wall by the reflection method mentioned previously. The
adjus-nt is critical, especially in the region of large velocity gra-
dient near the wall; hence, repeated measurements were performed in an
effort to reduce errors.

Two methods of measurement with this yaw head were used. In the
first of these, the direction of the fl.ovwas determined by recordimg the
pressure difference (read frczuthe two slanting tUbes) as the yaw head
was rotated (at a fixed distance frcm the wall). The total angle of
rotation was about 5° and generally a straight line could & drawn through
the Poitisj from the intersection with the pressure sxis, the angle at
which 4 is zero could be read. This measuranent was made at several
stations through the boundary layer, including the free stream. The flow
direction at a point in the boundary Myer was then determined by the dif-
ference in the amgle of zero 4 when measured at the point in question
and when measured in the free stream.

The second method of measurement utilized the above procedure as a
calibration. The data shown in figure 12 are those given by the “yaw-
head rotation: scheme just presented. An arbitrary zero reference line
(given by the centering of a carpenter’s level bubble cemented to the
traversing head of fig. 1O(C)) was establi~hed, and the yaw-head-rotation
data were plotted to this reference. It will be noted that there is con-
siderable scatter of the ‘rctibration data.!’ In part, this is due to the
low sensitivity of the level bubble (1/4.inch per degree, approximately)
and the coarse (1°) divisions on the traversing-head protractor, as well
as to the effect of a lower value of q on the sensitivity of the yaw
head. In practice, the single calibration line shown in figure 12 was
used; the errors in the measured flow direction are of the order of ~/3°
and this uncertainty in the sngle of flow is of low order in the inte-
grated quantity NV. The yawmeter calibration was used as follows:

The yaw head was set up at the 0° position and &/q was read. The cal-
ibration curve gives the flow direction. Again, the reference flow
direction is taken as the free stresm.

EXPERIMENTAL KESULTS AND DISCUSSION

Pressure Distribution

The static pressure distribution was recorded frequently during the
~

experiments. The results for the unyawed plate are shown in figure 13(a),
for the ~“ yasredplate, in figure 13(b), and for the 4-5°yawed plate,
in figure 13(c). The differences in pressures near the leading edge
indicate slightly different positions of the stagnation point, which
caused no measurable differences in the velocity profiles downstream.
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Since the primary purpose of this investigationwas to determine
*-

the effect of yaw on the growth of the boundary layer, it seems important
to consider here the possible effects of variations of pressure distribu-
tion from plate to plate (figs. 13(a) to 13(c)). The effect of t&se

P

small pressure gradients may be estimated by use of the Buri form of the
integ~ted momentum equation (see, for instance, ref. 6) as follows:

ax = (y:u%+cy”’O.0366V0+J-3”4

For s~plicity, and since the measured pressure distributions ‘ :
exhibit a tendency toward periodicity, let

u = U1 + UC sin

where

u~ free-stream velocity

UC amplitude of velocity

M where X is wavelengtha=—,
A

variation

of velocity variation

.

.

Using this value for U and noting that the value of Ue Ul is

small compared with 1; give I

8X = ( )[O.0366Vo%J&2 1 - 3.4”~sinux X - Xo+

‘1

For transition artificially fixed at the origin, X. = 0, ~. = 0, and,

hence, C = O. Using these conditions, e~ansion of the exponential
term (neglectinghigher order quantities) yields

( ){ [--%%,O--’)]] *tlx= 0.0366v0*%1-0=21 - 3.4”~ sinax x0*8 1

%

.
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For the case of zero pressure gradient and artificially fixed trmsition
at the origin, the Buri equation reduces to

d = O.0366V0G%l-0”2 X*.8
‘o

Forming the ratio between ax and 3~. yields

+x u~—= 1
-~

{

3.4 Sinax+&(cos ax - 1)
%

}

This relation has been evaluated for the unyawed and 45° yawed cases
using wavelengths and U= determined from figures 13(a) and 13(c). The

calculated change in O due to the differences in the pressure distri-
butions is less than 2 percent. This effect is therefore he~eved to be
wtthin the experimental accuracy of the boumdary-layer messurements.

Two-Dtiensionality and Flow Direction

Checks on the two-dimensionality of the flow (in x,y,z coordinates)
were first made by doing spsmwise traverses with the rake. As has been
mentioned, stiffeners and external bracing were added to the no yawed
plate to improve the two-dimensionslity of the flow. ~ the course of
these chsmges, however, only very minor effects were observed in the
velocity profiles along the stresmwise center line, which indicates that
adequate two-dimensionality was attained. On the unyawed plate no diffi-
culty in this respect was encountered.

The mesm flow direction in the boundary layer was measured carefully
on the No yawed plate at distances of 15.9”inches, 31.9 inches, and
47.9 inches frmnthe leading edge in the stresmwise direction. In the
outer part of the layer, between z/6 = 0.2 and 2/8 = 0.1, there was
no measurable deviation from the potential flow direction. For z/b< 0.2,
as the yawhead entered the steep velocity gradient near the wall, the
flow-direction reading became critically dependent upon whether the flat-
tenedyawhesd was erectly parallel to the wall. In this region the results
are necessarily less accurate, but it was determined that the mean flow
did not deviate by more than +1° frcm the potential flow direction.

The flow direction in the boundary layer of the 45° plate was the
subject of intensive investigation in connection with the question of pos-
sible divergence or convergence of boundary-layer flow in the test region.
At the time of the completion of the growth curves, Clauser (see ref. 7)
pointed out that small changes in the flow direction in the boundary layer
might result in large errors in a measured growth curve. For this reason,
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extensive measurements of flow-direction profiles were undertaken, and v
the value of the mixed momentum thickness fluv was detemined at several
stations blanketing the test region. Theresults of these measurements
are shown in figures 14, 15, w 16. Figure 14 shows a typical flow-

k

direction profile obtained from the calibration curve of the yawhead.
In figures 15 and 16 the distributions of..$uv over the test region are
displayed.

The significance of these results is discussed in appendix A, but,
for emphasis, it is noted here that congruent velocity profiles are not
sufficient to assure two-dimensional flow. The angles of yaw in the
boundary layer, although small enough to be undetected by pitot-tzibe

—

traverses, may result in a net flow into or out of the test region which
would result in important changes in the &te of growth of the boundary
layer.

Velocity

The measured velocitv mrofiles

Profiles

for the three flat plates are shown
in figures 17(a), (b), an~~c). A table of values of the displacement
thickmess 5*, the mo&ntum thictiess 0, and the shape parsmeter H,
computed from the velocity-profile data, is included in each of the

.

figure,s. In all rums, the Reynolds number per foot (based on the free-
stresm velocity) was adjusted to the valti of 250,000 noted in these .
figures.

A reduction of the velocity profiles to nondimensional form as
Ufz—=

u~ ()
for each plate is shown in figure 18. For comparison, the~

nondhnensional velocity profile measured on the fixed wall of the tunnel
(fig. 7) is also plotted. It is seen that the effects (if any) of yaw
on the velocity profile are quite small.

Virtual Origin

The experiments of Klebanoff and Diehl (ref. 3) have shown that, when
sandpaper is used to promote turbulence in the boundary layer, the con-
ditions downstream of the point where the velocity profile has returned
to normal are the same as if the layer had developed from a natural tran-
sition. If a growth law is specified, this leads to the definition of a
virtual origin for the bounda~ layer. k-boundary-layer growth in
these experiments is measured in terms of displacement thickness 5*
because of the difficulty in defining andrneasuring the actual thick-
ness 5. The method of finding the tirtual origin for the unyawed plate
is as follows: a

.
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It is assumed that

where

k constant, 0.046

E distance from leading edge of plate

(0 distsace from tirtual origin to leading edge

~e _ ul(~ + Eo)
v

This growth law follows the form of the emptrical law mentioned previ-
ously. No claim is made that this is an exactly correct law for 5*,
but it certainly gives nearly the correct dependence on stresmwise dis-
tance and Reynolds nunher (ref. 6, p. 362) for Re < 3,000,000. Hence,

. it is satisfactory to use this law for comparing
thicknesses on the yawed and unyawed plates. To
origiq (see fig.

.

where X is the
The expertiental
the X-axis. The

19), the curve

E*= =
l/5Rex

the I&m&y-1ayer -
determine the virtual

distsmce from the vertical origin, is first plotted.
points are fitted to this curve by shifting them along
position of the virtual origin is then given by

Eo =x-g. In this way ~. was found to be 9 inches for the umyawed

plate.

Virtual Origin for Yawed Plates

It is obviously necessary to find the virtual origin for the yawed
plates by some other method, since the growth law on a yawed plate is
not known but, instead, is precisely what is to be detemnined in the
investigation. The exact effect of yaw on ~o is unknown, but the fol-
lowing limits can be established:

(1) go maY depend only on the stresmwise flow; that is, the vir-

tual origin is 9 inches (in the streamwise direction) ahead of the
leading edge.



14

(2) E.~

origin lies 9
edge.

may depeud

inches (in

mm. TN 3383

only on the chordwise flow; that is, the virtual x

the chordwise direction) ahead of the leading —
.

R

These assumptions are based on experiments regarding the effect of .-
sandpaper.for theproduction of turbulent bqundary layers Cn unyawed .- .
plates. T%ese experiments are discussed in appendix B.

The growth of-the turbulent bounda~ layer on each of the three plates
tested is shown in figure 20(a). This figure represents the raw data, as
ccmputed frcxnthe measured velocity profiles, no corrections having bei%
made for the locatio~ of the virtual origti-~ As before, the Reynolds-num-
ber per foot (based on free-stream velocity) was kept constant at 2’30,000.

If the above assumptions regarding the virtual origin are applied to
the data, figures 20 and 21 are obtained. ‘Figure 20(a) (with the abscissa
shifted 9 inches) represents assumption (1)2 while figure 20(b) gives the
result of assumption (2). Figures 21(@) ~d 21(b) are logarithmic plots
of the ssme data as are given in figures 20(a) and (b), respectively. In
each of these figures, two curves marked “Independenceprinciple” have
been drawn. These curves represent the data from the uayawed plate plotted
against the appropriate-stresmwise coordinate (~ = x/cos A) for the two
cases A = 30° and A = 45°. It is evident,“asfar as the applicability
of the tidependenceprinciple is concerned that the difference in the
virtual origins given by assumptions (1) and (2) is of no conse~nce.

——
..

.
—

Boundary-Layer Growth —

The conclusion at this point is unmistakable: The independence prin-
ciple cannot-be applied to the case of turbulent boundary layers on yawed

.=

flat plates. The measured growth curve, for the cases A = Z“ and 45°
is thicker than that for the my-awed-plate-case,while the independence
principle predicts a thinning effect of yaw: ..— —

The logarithmic plot of figure 21(a) is of special titerest. Note
that a virtual origin of 9 inches for each case has beeriassumed; straight ‘“--
lines with slope eqpal to 4/5 have been drawn through the expertiental
data. The values of the constsmt C (see-fig. 21(a)) for these straight

—

lines for the three angles of yaw have been noted in the figure. They
.

cos2/5A. From a purely empiricalare very nearly in the same ratio as
standpoint, then, the curve of figure 22(a) may be drawn. Note that the —

data are reduced to a single curve by the inclusion of the empirical

cos2/5A factor. This is shown also in the”Cartesian plot of figure ‘Z%!(b).

.
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.
!Ihe empirically

2

detemnined growth law is given by

The growth law which is given by the assumption
ciple is

5* = 0.0h6 cos3~5A

of the independence prin-

where in each of the above expressions

ReE = .,(EO + EP
Thus, the two growth cuxves cliffer ly a factor equal to cos A. M the
case of the pkte yawed 45° this represents a large difference, more than
can be explained on the basis of any knowm experimental inaccuracy.

.

It must be emphasized, however, that the empirical growth law noted
above is the result of only three experiments and thus should be consid-
ered as merely a tentative result until more extensive experimental con-
firmation is available.

Results of Young and Booth

Prior to the present investigation, the only experimental data
available regarding the turbulent boundary layer on yawed flat plates were
those obtained by Young and Eaoth (ref. k). In their experiments, which
were stated to be preMminary, a single plate, with a boundary-layer trip
wire, was rotated to angles of yaw of 20°, 30°, and 45° and the boundarY-
layer thickness at a single chordwise station, as weld-as w tot~ drag
of plate and wire, was measured. The principle results of their investi-
gation may be stated as follows:

(a) The independence principle does apply.

(b) The flow in the boundary layer is in the direction of the
. free stresm.

The results of the present investigation are in direct contradiction
to the first of the Young sad Booth results. Since Young and Booth have
not presented the cmnplete details of their experiment, it is difficult
to assess the exact source of the discrepancy. The present authors feel



16 NMA TN 3383

that a ltiely origin of error in any bomd=y-hyer ~VesWmtiOn of t~s ._ ..*_
nature is departure frcm two-dimensionalityof the flow. As pointed out
previously, the presence of divergence or,convergeuce of the flow ti”tk. ~ ~-”’
boundary layer can have important consequences on bounduy-layer-thiclmess
measurements.

—
—

Another possible source of error is the effect of yaw on the action
of a trip tire in causing transition. The wire presumably lies in an area
of laminar flow; hence, its significant Re~olds number varies as COSA ““
in the experiments. It is lmown that t~sition does not occur at a trip
wire but sane distance downstream. The influence of a considerable var- -
iation of Reynolds number on this distance, sad therefore on the virtual
origin of the turbulent layer, is not knoyn.
found in the present investigation (appendix
paper transition strips, the same may not be

CONCLUDING REMARKS

Although this effect was
B) to be negligible for_sand- —
true for a trip wire.

The results of measurements in t@ t~bulent boundary layer on three
flat plates yawed 0°, 30°, =d 450 “indicatethat the boundary-kyer dis- . _
placement thickness increases in the stresm direction at a slightly
greater rate on the yawed plates than it does on the unyawed plate.-.

An empirics,l growth law, ,includingthis effect Of Yaw, has been
determined. It is emphasized that this @w may apply only to the experi-
mental setup descri&d.

The effects of
have been measured.

Cornell University,
Ithaca, N.-Y.,

yaw on the direction of flow within the boundary layer
These effects are, in general, small.

March 22, 1954.
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APPENDIX A

EFFECT OF FLOW DIVERGENCE ON MEASURED

The incompressible-flow boundary-layer

BcmmARY-LAYER GROWIH

momentum emation in the
direction of the x-axis is given by ‘{see;for i.nstance~ref. 8)

Transforming this equation to momentum-thickness temns and assuming
a flat plate (zero pressure gradient) give

Note that this
the wall shear

equation is the same as that normaldy used to
with the addition of mixed-momentwn-thickness

determine
terms.

In order to ascertain the effect of the non-two-dimensionality of
the flow (representedby figs. 15 and 16), the derivatives in the above
equation can be evaluated from the experimental data. This is most easily
accomplished by recourse to the skewed ~,~ coordinate system shown in
figure 26. ~ this coordinate system,

~=x-y tan A

Hence,

The equation for the x-momentum in the new coordinate system is then

.
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The terms on the left-hand side
g = 36 inches and e = 14.8~ inches

NAC!Am 3383

of the equation were evaluated at
which represents the center of the

presumed two-dimensional test region. The results am presented as
fOllowfi:

MUU aduv &9uv
—= 2.09 x 10-3 — =

a~ ac
-3.75 x 10-~ — = 1.85 X 10-5

a(

Inserting these values into the equation for the x-momentum, and
noting tbt A = 45°, shows that the error involved in neglecting the ._
mixed-momentm-thickness term is approximately 3 percent.

Although the correction in this case is small, it must be stated
that large errors can be the result of apparently small changes in flow
direction, since the value of the derivative can beccme quite large. In
an experiment where boundary-lsyer growth curves are measured, it is easy
to see that changes in the flow direction @thin the boundary layer can
give erroneous results by adding air to or exhausting it from the test
region. It is felt that the calculation just described indicates that
the measured boundary-layer growth curves reported herein are substan-
tially correct.

\

.

w
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APPENDIX B

THE EFFECT OF YAW AND ROUGBNESS ON VIRTUAL ORIGIN AKO TRANSITION

OF AN ARTIFICIALLY THICKENXD BOUNDARY LNLER

Effect of Yaw on Virtual Origin of Artificially

Thickened Boundary Layer

Before any conclusions could be drawn regarding the effect of yaw
on the turbulent boundary layer itself, it was necessary to consider the
effect of yaw on the sandpaper used to thicken the boundary layer. While
a ccmplete experimental analysis of the situation was beyond the scope
of the present investigation, several simple experiments were perfomed
which served as a basis for the assmnptions in the bcxlyof this report.
These asswptions depend on the following limiting cases:

(1) Assume that go depends upon the stresmwise flow. For the
. yawed pkte, then, ~. is determined by U1/V = 250,000 and a ssadpaper

width of 1 in./cos A and should be taken in the stresmwise direction.

(2) Assume that ~. is determined by the chordwise flow. For the

yawed plate, then, ~.
/

is determined by Ul v = 250,000 cos A and by a

sandpaper width of 1 inch and should be taken in the chordwise direction.

Experiments were carried out on the unyawed plate to detemine how
E. depended upon sandpaper width and upon U1 v. Figure 23 shows that

i
doubling the width of sandpaper at %/v = 2~’m ‘da ‘ehtiveQ -u
effect in thickening the boundary I_aye;. For a 14-percent increase in
sandpa~r width, as in assumption (1), then, it can be said that go

would be unchanged within experimental accuracy limits. Figure 24 shows
the results of varying U~ v

I
for a constant sandpaper width of 1 inch.

The curves are plotted assuming that ~. was unchsnged from the value

given in figure 19. The experimental points lie very close to these
curves except for the lowest value of ul/v. It seems safe to assume,

then, that for U1~ = 177,000(=@1/v)cos 45°, the lowest possible value)

k. is still 9 inches. With l%is evidence, therefore,

of a virtual origin for the yawed plate are, as stated
vl.fiualorigin is 9 inches in the stresmwise direction
leading edge, or (2) the virtual origin is 9 inches in
direction ahead of the leading edge.

the assumptions

previously, (1)
ahead of the
the chordwise

the
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Use of Sandpaper to Produce Artificial.Transition

TN 3383

In experimenting with turbulent boundary layers it is frequently
necessary to use some method of artificially inducing transition frm
I.sminarto turbulent flow. The purpose may be to thicken the boundary
layer, as in reference 3, or to make transition occur along a given line,
as in the present investigation and in reference 4. For either of these
p~oses sandpaper roughening has the p&ticul.ar advantage that the
boundary layer returns to normal in a relatively short distance downstream”

.—

(ref. 3).

Figure 25 shows a determination of the virtual origins for results
given in reference 3 where a strip of sandpaper 24 inches wide was used..
Because of tk different range of Rex it was necessary to use a dif-

ferent boundary-layer growth law from that used in the present report
(fig. 14). The growth law used is derived directly from the K&m&
Schoenherr f onmla

1— .4.13 log(Rex%)

%
1/2

by observing that, for a flat plate,

Cf = 24/x

and, hence,

A
in the
may be

X1/2 = 5.853 1/2 log (2ReJ

.

.

quantitative comparison of these results with the results obtained
present investigation is difficult, but the following observations

—

of interest:

For the

(1) The
the trailing

(2) The

2k-inch strip of sandpspr,

boundary @er returned to normal 66 inches downstream of
edge of the sandpaper.

layer was “overthickened” immediately behind the sandpa~r
and h&nce appr&ched the nomal growth curve frm” above.

(3) AS the free-streu velocity was increased, the virtual-origin
distance increased.

,

*
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●

For the l-inch strip of sandpaper,

(1) The boundary layer returned to normal 10 inches downstream of4

the trailJng edge of the sandpaper.

(2) The kyer thickened more rapidly than normal hmediately behind
the sandpaper and approached the normal growth curve frm below.

(3) For ~ s~l-u increase in free-stream velocity the virtual
origin did not shift proportionately as much as for the 2&-inch strip of
sandpaper.

.

.
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Figure lo- Coordinate system for yawed boundary layer.
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Figure 2.- Coordinate system for yawed plates.



* ,

—

I

0

0 0 0 0

0 0 0 0 0

-— — .—

0 0 0 0 0

0 0 0 0

0

A

72”

F1.gure3.- Unyawed flat plate. ~ full sise.
16

!3

.



-.

* ●

/
83”

1

Figure 4.- Y8wed flat plate. ~ fulJ.size.
ti

I

I

I

1

“r, m
i, : :’, , ,,’. ,, ji



, ,

f’ 0
r 0

A/0

0 0 \. //

0

0

0 0

— -0 OYA
0 0

/

0 /

102”

0 0 /

Figure >.- 45° yawed flat plate. ~~ size.

,,



Iv
0)

I

Unyawed flat plate, 45° yawed f Iat plate

I

30” Yawed flat plate

Figure 6.- Plate cross sections. * full size.

,



T

.

, * * .

Figure 7.- Boumlary-layerwind tunnel. ~ fdl size.
128



. .

i,

.,,-,,,,1

. ,

I
,, t

Figure 8.- Pitot tube and yawhead.
L-86492

# . * .
,,



, r

.

I .

\

Yaw head

10 x

.o119–

Pitot tube

10x

.050” D.- Nickel tubing- .O56”D.

J Ii

Figure 9.- Probe deta~la.
u
P



. .

,..-

1 .,2 3-4 s ,...
. .

IJ,,, .,!

(a) Ummounted. L-86@3

Figure 10.- Traversingmechanism.

u .



5L

Nllcli TN 3383

.

.

.

.

.

(b) Mounted; view from back of plate.

Figure 10.- Continued.
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